1975). British Journal ofIndustrial Medicine, 32, 308-315. Behaviour of rats exposed to trichloroethylene vapour. Rats were exposed to trichloroethylene (TCE) vapour for about five five-day weeks at concentrations from 100 to 1 000 ppm, and at 100 ppm for 121 weeks. The social behaviour of paired male rats was observed periodically in the home cage for five minutes after they had been exposed to TCE. The principal finding was a consistent reduction of up to 24 % in the total activity. A single day's exposure to TCE was sufficient at the highest concentration. At 100 ppm, a similar decline in activity was significant after 11 weeks' exposure in one experiment and 81 weeks' in another. The decline in activity was fairly uniform and not usually because of specific reductions in particular kinds of behaviour. However, exploration of the cage and submission to, or escape from, the other rat were sometimes specifically reduced. In an 'exploration-thirst' test, rats were deprived of water overnight and placed on two or three occasions in a previously unfamiliar cage. Rats exposed to 100, 200, or 1 000 ppm TCE found water and began drinking sooner than their controls without altering the rate of movement about the cage. These results suggest lowered performance in a familiar situation where rats are usually very active and some loss of inhibitory control in an unfamiliar one. At the present threshold limit value, repeated exposure to TCE eventually had effects similar to those of one day's exposure to a higher concentration, but only after a widely variable delay.
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There is disagreement about the threshold limit value which should be set for trichloroethylene (TCE) . In Britain and the USA it is set at 100 ppm (535 mg/m3), in the USSR at 2 ppm, and many European countries compromise between 40 and 70 ppm (ACGIH, 1974; ILO, 1970; Imamura and Ikeda, 1973) . The question concerns the interpretation of surveys of occupational exposure to TCE (for example, Grandjean et al., 1955; Smith, 1970) . After relatively high exposures (Ikeda et al., 1972 , believe that there is a threshold about 50 ppm), 70-80 % of exposed people complain of various symptoms, such as, fatigue, drowsiness, headache, etc. Although these symptoms are relatively minor, *Present address: Department of Biology, Manchester Polytechnic, All Saints, Manchester M15 6BX depend on self-report, and are not unknown in people never exposed to solvent vapours, the incidence is remarkably high and the symptoms are what would be expected from low doses of an anaesthetic.
Experiments in man to confirm these symptoms are not conclusive because effects seem to depend on duration. Psychophysiological performance deteriorated after exposure to 1000 ppm (Vernon and Ferguson, 1969) , 300 ppm (Stopps and McLaughlin, 1967) , and 110 ppm (Salvini, Binaschi, and Riva, 1971) for two, three, and eight hours respectively.
Objective evidence may therefore depend on behavioural effects of TCE in animals, although dramatic changes are not to be expected at concentrations near a putative threshold. Behavioural effects have been reported at concentrations from 9 308 to 4380 ppm and Goldberg et al. (1964a) commented on the absence of a dose-response relationship from 200 to 1568 ppm. They also commented (Goldberg et al., 1964b) on individual variation in sensitivity, which casts some doubt on results from only three or four rats (Grandjean, 1960; Horvaith and Formanek, 1959) .
We report here further evidence that repeated exposures to TCE at 100 ppm cause two kinds of behavioural change in rats. The changes are not large and are delayed, but they are similar in kind and in degree to those from higher concentrations, are consistent with what human experience would predict, and in some circumstances could be considered adverse.
Methods
We observed the behaviour of rats exposed to TCE at concentrations of 100, 200, 500, and 1000 ppm for about a month. A 3j week dummy (0 ppm),where rats breathed clean air in the exposure chamber, preceded the 1000 ppm experiment. A second experiment at 100 ppm (100b) continued for three months. Most observations were made in a social situation where rats are highly active and where several kinds of behaviour can be seen, so that any one tendency can be considered as a control for drug effects on another. For comparison, we also watched the exploration of an unfamiliar cage, as this behaviour is also sensitive to drugs.
Exposure to TCE Exposure was much as described by Gage (1959) . A controlled vapour concentration was made by using a slow-injection pump to discharge a syringe filled with anaesthetic-grade TCE (Trilene, ICI) through an atomiser into a metered flow of clean dry air. The mixture was led under slight positive pressure through glass tubing to two Perspex exposure chambers each housing eight rats, which were placed in fume cupboards to allow a continuous flow of vapour. The slight noise made by air passing through the atomizer was simulated in the room occupied by the control rats in experiment 100a. Concentrations were monitored by airflow and the volume of TCE consumed. Some spot checks were made by gas chromatography and samples were generally within 3 % of the calculated concentration. Occasional high readings in the 500 ppm experiment, while usage of TCE was as expected, suggested 'stiction' in the syringe-drive mechanism.
In each experiment, 32 male rats of the Alderley Park Wistar-derived strain were housed in pairs in transparent plastic and wire-mesh cages 50 x 30 x 25 cm. Three weeks or so later when they averaged 250 g in weight, a schedule began under which they were removed from their home cages for six-seven hours a day, five days a week. Pairs of rats were randomly allocated to two groups. Eight pairs of rats were placed singly in numbered compartments in the exposure chambers, rats from control cages were placed singly in small polypropylene cages 31 x 13 x 10 cm, and one rat of each pair was marked with black hair dye. While separated, the rats had no food or water, but this was freely available in their home cages. Food consumption was monitored in experiment 100a and was unaltered. Bodyweights were not changed by TCE.
The laboratory was brightly illuminated from 02.30 to 14.30 hours, and dimly lit by red lights at other times. The rats were returned to their home cages in mid-afternoon, early in the dark period, when they were likely to be most active.
Social behaviour
Observations were made of the rats' behaviour periodically for five minutes immediately after the pair were returned to their home cage.Two observers each watched one rat, and recorded their acts and postures on to a taperecorder using code names (Grant and Mackintosh, 1963) , and subsequently counted the numbers of each element shown in the five-minute observation. These elements can be grouped into functional categories (Grant, 1963; Silverman, 1965) and approach a complete description of the rats' behaviour. The social behaviour data therefore consist of the numbers of elements displayed in each of eight categories; the sum of these is referred to as the total activity.
Observations of the social behaviour started after a few days' separation and return, when the rats had become accustomed to the procedure. The first observation, with clean air in the exposure chamber, provided a baseline (B) comparison of the two groups, and the dummy experiment continued in clean air. Social behaviour was observed after the first day's exposure to TCE and then usually after three days' exposure and at weekly intervals for three to five weeks, 12 weeks in experiment 100b. Experiments ended with two crossover observations where the former control rats were placed in the exposure chamber. For the crossover baseline (XB) they breathed clean air, followed by one day's exposure to TCE (XI) at the same concentration as the corresponding experimental rats. The latter were separated into the controls' holding cages.
Statistical analysis of the total activity was by Student's t test. This was based where possible on analysis of variance by grouping, for example, all baseline observations, all after one day's exposure ... all after 31-38 days (Tables 1, 2 ). To illustrate the results free of day-to-day and batch differences ( Fig. 1) , the mean total activity of a group of rats in any observation is expressed as a percentage of its activity in the crossover baseline observation.
Changes in the pattern of activity were assessed by analysis ofvariance or t test on each category of behaviour and by multivariate analysis of variance or discriminant analysis for two groups, using programs by the University of Miami Biometric Laboratory for IBM 360.
Exploration-thirst test
We have also applied the exploration-thirst test outlined by Silverman (1973) . Rats were removed from the exposure chamber, etc., one at a time and placed for five minutes in an unfamiliar cage similar to the home cage. Exploratory movements were observed as pauses in walking and distinct bouts of sniffing at different areas of the cage. The rate per minute of such movements was taken as an estimate of motor activity. Rats had been Analysis of variance p < 0 001 P < 0 001 P < 0 01 P < 0 001 P < 0 001 k 5 5 4 5 5 TCE x experiment3 3-14 2-65 0-56 1-84 5 94 P < 0-05 P < 0-05 P < 0 001 lOOa P < 0 05 P < 0-01 TCE effect in each lOOb experiment4 200 P < 0-05 500 P < 0-05 P < 0-05 P < 0-05 P < 0 05 P < 0 001 1000 P <001 P <01 P <001 P <0001 1. Procedure and symbols as in Circled points show significant differences, calculated on original activity scores.
Results
Social behaviour: total activity TCE consistently reduced total activity. Fig. 1 illustrates the total activity throughout the experiment, Table 1 presents the full data for the observation at 10 days as a typical example, and Table 2 summarizes the statistics. The possible effect of the exposure chambers themselves was examined. In the baseline observation, rats from the exposure chambers were less active than the controls in three experiments but not in the three others.
In the dummy experiment, rats from the exposure chamber were less active in the baseline observation (P < 0-01), but not significantly so in the observation three days later, and at 24 days they were if anything slightly the more active. The exposure chambers themselves may therefore have had an initial effect but were probably not responsible for any continued fall in activity.
Considering all the experiments together, rats exposed to TCE were less active than the controls in every observation (P < 0 05 at one and three days, P < 0-001 in the others), and with little difference between results of different experiments (interactions were rarely significant). In the crossover baseline observation, the rats that had been exposed to TCE were more active than the ex-controls. In addition to any effect of the exposure chambers on the latter, this could represent a post-exposure 'rebound'. The main difference between individual experiments was in the timing of the reduction. At 1000 ppm, TCE caused a significant reduction of activity after a single day's exposure, as might be expected. It Silverman (1965) . throughout the experiment: the actual scores reduction became significant at 10 days from the fluctuated between 76 and 88% of the matched start of exposure, in experiment lOOb not until 59 controls' scores. More surprisingly the lowest days. In both, the reduction remained significant in concentration tested, 100 ppm, caused a similar fall subsequent observations. in activity, but after a delay. In experiment lOOa, the 
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Pattern of social behaviour The total activity is a measure of how many responses the rat makes in unit time. It is also necessary to ask about its selection of which responses to make. Table 3 summarizes the results of multivariate statistical tests, showing that at all concentrations tested TCE caused surprisingly little change in pattern. The reduction in activity was general and rarely due to disproportionate reductions in specific categories. Fig. 2 illustrates experiment 100a as a typical example. Differences in any one category were rarely significant, nevertheless every category was consistently a little less frequent in exposed rats than in controls. Adding all categories together, the total activity in this experiment was significantly reduced at 10, 17, and 24 days.
Considering experiments at all concentrations together (Table 3) , TCE changed the pattern of activity significantly only at 10, 17, and 87 days and in the crossover observation Xl. The particular categories where changes (always a reduction) did sometimes occur were exploration of the cage and submission to, and/or escape from, the other rat. The first is the commonest category in this situation, and the other two represent the rat's equivalent of fear.
Exploration-thirst Especially at lower concentrations, rats exposed to TCE were apt to drink sooner than the controls in an unfamiliar cage. Table 4 shows when each observation was made, and the mean and standard deviation of the time to the first drink of each group of rats.
At 100 ppm (experiment 100b only), there was no difference from controls on day 15 but perhaps by the next day and certainly two weeks later, TCEexposed rats started to drink sooner. Times to the 10 s drink were affected similarly (P < 0-05 on days 16 and 30).
At 200 ppm, TCE-exposed rats drank sooner on the first trial at 36 days, and tended to do so on day 37. Times to the 10 s drink were P < 0-01 and not significant.
At 500 ppm, latencies were not affected to drink at either 36 or 37 days. At 1000 ppm there was no difference at 16 days, but TCE-exposed rats started to drink sooner at 36 but not 37 days. Times to the 10 s drink were not different at 16 and 36 days, but TCE rats drank sooner at 37 days (P < 0 05).
Combining the data from all experiments, so far as justified, showed no effect on the first trial, but confirmed that exposed rats started drinking sooner than the controls (P < 0-01) on trials 2 or 3.
There was no significant effect in any observation on the exploration rate, the number of exploratory movements/min. Overall the mean rate on the first trial was 13-70 for TCE-exposed rats and 13A40 for the controls, and on the second trial it was 15-80 and 15-68 respectively.
Discussion
The principal findings were that trichloroethylene reduced the total activity in the social behaviour observations with little change in any one component category, and that exposed rats started drinking sooner when placed, thirsty, in an unfamiliar environment. Both effects were as apparent at 100 ppm as at 1000 ppm, but the decline in activity was delayed for some time at the low concentration, and the delay was much longer in some individuals than others.
Behaviour was always observed in the five minutes starting within one-half minute of removal from the exposure chamber. It is unlikely that blood levels of TCE declined appreciably in this time, since the half-life of TCE in the exhaled breath is a matter of hours, and TCE is detectable for days in both rat and man (Boettner and Muranko, 1969; Daniel, 1963; Stewart et al., 1970) . Cumulative effects are therefore not surprising.
On commonsense grounds, TCE should cause behavioural depression, but this has not been consistently reported in animals. Rats swam a 4 m channel more slowly after a single exposure to 800 ppm or after six or 13 five-day weeks at 400 ppm, with or without an extra load Battig and Grandjean, 1963) . Retardation of a conditioned response (running across a cage for food or up a pole to avoid shock) has been reported after 9 ppm, after 125-1568 ppm in a few rats and after 4368 ppm in all (Bannova, 1961; Goldberg et al., 1964a, b) , but similar methods showed no change after 200 and 800 ppm or even an accelerated response (Grandjean, 1960; Horvath and Formatnek, 1959) .
However, all these authors consistently report that TCE increased the number of spontaneous responses, without the correct stimulus or after the wrong stimulus. Battig and Grandjean (1963) found that after 43 weeks at 400 ppm, rats explored earlier and deeper into a complex maze and this was attributed to reduced anxiety. Perhaps anxiety is only one form of inhibition on behaviour, and the disinhibition of exploration and of conditioned responses by TCE can be attributed to a common mechanism.
Anxiety-reduction would be sufficient to account for the earlier drinking caused by TCE in the exploration-thirst test. Within the five minute observation, exposed rats did not drink for longer than controls and therefore probably did not consume more water.
The 'dry throat' reported by Stewart et al. (1970) is also unlikely to account for earlier drinking, since only two of their five volunteers noticed it, and only for the first 30 minutes of the first exposure, whereas the rats were tested after 15-37 days. Earlier drinking on the second trial in an unfamiliar cage suggests, therefore, either reduced anxiety or accelerated exploration and learning.
Effects of TCE on conventional measures of motor activity have not been reported. Activity during social behaviour seems to be the highest that rats generate spontaneously, using perhaps as much energy as in the forced swimming test. While TCE consistently reduced social activity, the fall was not very great (up to 24%) and was by no means subjectively obvious.
Observational methods are demonstrably reliable (see Silverman, 1965 for the present method) but it may be worth noting that as TCE at high concentrations is an anaesthetic, one of us expected low-dose effects like those of barbiturates. Most drugs alter specific kinds of behaviour, with or without a change in total activity, and amylo-or pentobarbitone given intraperitoneally to one socially isolated rat before introduction to another leads to a fall in submission or escape and a rise in aggression and total activity (Silverman, 1966) . Barbiturates reduce anxiety (Miller, 1964) , and can either stimulate or depress exploration and operant conditioned responding according to circumstances (Dews, 1955; Krsiak and JankCu, 1971) . Pentobarbitone causes earlier drinking in the exploration-thirst test but combined with a faster rate of exploration, so that inhaled TCE is both similar to and different from barbiturates. The fact that TCE caused a reduction in total activity with very little change in the proportions of different kinds of behaviour was not expected, and incidentally this would not have been revealed by conventional methods.
There seems to be an interesting interaction between the concentration of TCE required to reduce activity, the duration of exposure, and variation in individual sensitivity. Total activity fell after a single exposure to 1000 ppm TCE in two groups of rats (in the one-day and Xl observations). The effect at 100 ppm was nearly as great, but occurred only in the observations at least 10 days after starting exposure in one group of rats and after as much as 59 days in another. These relatively resistant rats came from the most active batch of the series (Table 1) , nevertheless, they showed a significant change in the exploration-thirst test much earlier, only 30 days after starting exposure to TCE.
Reduced activity in rats in a familiar situation is consistent with the drowsiness reported by people occupationally exposed to TCE and with the disturbed performance reported by Salvini et al. (1971) . The subjects of Stewart et al. (1970) did not change their measured performance after exposure to 200 ppm TCE, but reported having to make more effort. It might be worth trying to investigate whether some people perform more slowly or less accurately in routine occupational exposure to TCE near the threshold limit value concentration, and whether they are more likely to make a hasty response to an unfamiliar (perhaps emergency) situation. While trivial or rare effects would not be relevant to a threshold limit value, effects in man like those we have found in rats could be considered adverse.
